In Mandarin Chinese, the third tone (T3) is changed to the second tone (T2) or T2-like when followed by another T3 syllable in speech production. It has long been debated whether the production of a linguistic pattern like Mandarin T3 sandhi is operated via a computation mechanism or a lexical mechanism. The computation mechanism is that the sandhi/non-sandhi form of a tone is computed according to the phonological context, irrespective of real words or novel words. The lexical mechanism is that the lexical representation of T3 þ T3 words and the associated phonological forms are accessed in production, suggesting that T3 sandhi only applies to real words. To investigate whether T3 sandhi is mediated by a computation mechanism or a lexical mechanism, we examined the event-related potentials (ERPs) during the covert production of T2 þ T3 and T3 þ T3 sequences in real words and pseudowords in this study. We found that the second syllable elicited greater P2 amplitude in T3 þ T3 sequences than in T2 þ T3 sequences, indicating that the phonological encoding of sequences with T3 sandhi may be more effortful. Moreover, the phonological processing may not differ qualitatively between real words and pseudowords in the P2 time-window. It suggests that the phonological encoding of T3 sandhi may be mediated by a common computation mechanism in both real words and pseudowords. Alternative interpretations were also
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Introduction
It has long been debated whether the neural processing of speech sounds relies on domain-specific or domain-general mechanisms (see Zatorre & Gandour, 2008 for a review and many references therein). According to the domain-specific mechanism, language is predominantly processed in the left hemisphere (LH) (Liebenthal, Binder, Spitzer, Possing, & Medler, 2005 ; M€ akel€ a, Alku, & Tiitinen, 2003; Shestakova et al., 2002; Tervaniemi et al., 2000) and music is predominantly processed in the right hemisphere (RH) (Peretz, 1990; Zatorre, Belin, & Penhune, 2002) . According to the domain-general mechanism, the auditory processing is shaped by the acoustic properties of sounds, no matter whether they are speech or non-speech. One domain-general hypothesis is that the auditory processing of temporal cues is lateralized to the LH whereas that of spectral cues is lateralized to the RH (Jamison, Watkins, Bishop, & Matthews, 2006; Okamoto, Stracke, Draganova, & Pantev, 2009; Schonwiesner, Rubsamen, & von Cramon, 2005; Theunissen & Elie, 2014; Zatorre & Belin, 2001 ). Another hypothesis is that the left auditory cortex is sensitive to the analysis of acoustic parameters via a smaller temporal integration window, whereas the right auditory cortex is sensitive to the analysis of long, steady acoustic parameters (Bedoin, Ferragne, & Marsico, 2010; Poeppel, 2003) .
As far as lexical tones are concerned, the domain-specific mechanism predicts that lexical tone processing would be lateralized to the LH, because lexical tones contrast lexical meanings in tone languages; however, the domain-general mechanism predicts that the auditory processing of lexical tones would be lateralized to the RH, because lexical tones are distinguished by patterns of spectral/pitch cues that occur on a long temporal window (hundreds of milliseconds). Previous studies have found evidence for both mechanisms, showing that lexical tone perception activates neural systems in both hemispheres (Gandour et al., 2002; Gandour et al., 2003; Gandour et al., 2004; Zhang, Xi, Xu, Shu, Wang, & Li, 2011) . Auditory processing of lexical tones without attention elicited a mismatch negativity (MMN) with stronger amplitude over RH electrode sites than over LH electrode sites, in contrast to consonants (Luo et al., 2006) . But lexical tone processing is lateralized to the LH in native tone language speakers when phonological or semantic processing is required beyond the auditory analysis of pitch cues in the stimuli (Brown-Schmidt & Canseco-Gonzalez, 2004; Gandour et al., 2002 Gandour et al., , 2003 Gandour et al., , 2004 Gu, Zhang, Hu, & Zhao, 2013; Malins & Joanisse, 2012; Schirmer, Tang, Penney, Gunter, & Chen, 2005; Xi, Zhang, Shu, Zhang, & Li, 2010; Zhang, Lai, & Sailor, 2011; Zhang, Xi, Wu, Shu, & Li, 2012) .
Relatively less investigated, however, are the neural bases of tone production. An interesting phenomenon in tone production is tone sandhi, namely, the change of a tone to other tones according to the linguistic context where it occurs. In some languages, tone sandhi involves tone alternation, which is not a product of tone co-articulation because co-articulation mostly influences the beginning or ending of a tone (e.g., Xu, 1997) . For example, in Mandarin Chinese, when the third tone (T3) e a falling-rising tone e is followed by another T3 syllable, the first T3 is changed to the second tone (T2) e a high rising tone e or T2-like in speech production 1 (e.g., Chao, 1948; Cheng, 1968; Myers & Tsay, Peng, 2013) . Previous behavioral studies have found that T3 sandhi is operated in phonological/phonetic encoding before the initiation of articulation (Politzer-Ahles & Zhang, in press; Xu, 1991) . However, it is yet unknown whether the online encoding of sandhi patterns is mediated by a domainspecific or a domain-general mechanism. On the one hand, the encoding of sandhi patterns may be mediated by a domain-specific mechanism, as the sandhi patterns are likely stored specifically as linguistic knowledge. On the other hand, the encoding of sandhi patterns may rely on a domain-general mechanism, as tone production may be analogous to singing. A recent functional magnetic resonance imaging (fMRI) study has found that the production of sequences with T3 sandhi activated the right posterior inferior frontal gyrus (IFG) (Chang, Lee, Tzeng, & Kuo, 2014) . The left posterior IFG has been found to be involved in syllabification/prosodification in speech production (Indefrey & Levelt, 2004) . The activation of posterior IFG in the RH therefore may suggest that the production of T3 sandhi is mediated by a domain-general mechanism, similar to singing. However, lack of evidence for the involvement of the domain-specific mechanism is not equal to negative evidence. More studies are required to obtain a fuller understanding of the nature of the production of T3 sandhi.
Importantly, in those studies that examined the productivity of linguistic patterns in novel words, it has long been debated whether the encoding of a linguistic pattern like tone sandhi is operated via a computation mechanism or a lexical mechanism (e.g., Berko, 1958; Hsieh, 1970 Hsieh, , 1975 Hsieh, , 1976 Pinker, 1998; Pinker, Lebeaux, & Frost, 1987; Zhang & Lai, 2010; Zhang, Lai, et al., 2011; . The computation mechanism suggests that the sandhi and non-sandhi forms of a tone are computed according to the phonological context, no matter whether it is a real word or a novel word (e.g., Zhang & Lai, 2010; . The lexical mechanism is that the encoding of tone sandhi is operated via access to the lexical representation and the phonological forms attached to it, and therefore only applies to real words (e.g., Hsieh, 1970 Hsieh, , 1975 Hsieh, , 1976 . Both the computation and lexical mechanisms are possibly domain-specific mechanisms, but the computation mechanism is likely less domain-specific, because it predicts the productivity of linguistic patterns in novel words, which could be relatively free of semantic and syntactic constraints. Therefore, an examination of the computation and lexical mechanisms could also shed some light on the nature of the encoding of T3 sandhi, which is the aim of the present study. Moreover, it is worth examining whether the neural activities are lateralized to the LH or the RH, to further determine the domain-specificity/generality of the computation mechanism and the lexical mechanism.
Previous studies have consistently shown that Mandarin T3 sandhi is productive in novel disyllabic sequences (Xu, 1997; Zhang & Lai, 2010; . Xu (1997) found that T3 sandhi applied to a nonsense disyllabic sequence, 马马 (ma3 e 'horse', ma3 e 'horse'). Zhang and Lai (2010) provided by far the most extensive evidence for the productivity of T3 sandhi, showing that T3 sandhi applied to three types of novel disyllabic sequences: (1) a non-occurring sequence of two occurring morphemes, such as 尺洒 (chi3 e 'a ruler', sa3 e 'to spray'); (2) a combination of one occurring morpheme and a pseudo-syllable, the base syllable of which occurs but its combination with T3 does not exist, 2 such as 闯zeng3 (chuang3 e 'to break in') or ping3马 (ma3 e 'horse'); and (3) a sequence of two pseudosyllables, such as ping3 zeng3. Moreover, our earlier study extended the finding of Zhang and Lai (2010) , showing that T3 sandhi also applies productively to non-occurring syllables in Mandarin, such as tiang3 lua3 . The above studies provide evidence for the computation mechanism mediating the encoding of T3 sandhi in novel disyllabic sequences. However, it is yet unclear whether real words and novel words are operated by a common mechanism (presumably the computation mechanism), or by the lexical and computation mechanism respectively. Moreover, it is unknown when the lexical and computation mechanisms are operated in the online encoding of spoken words, and whether the neural activities of these mechanisms are lateralized or not.
To this end, this study used event-related potentials (ERPs) to examine the time-course of the encoding of T3 sandhi in real words and novel words. We adopted a within-subjects lexicality (real words vs. pseudowords) Â tone sandhi (T2 þ T3 vs. T3 þ T3) design. ERPs were recorded while subjects covertly produced two auditorily presented syllables as a disyllabic sequence. We compared the covert production of T2 þ T3 vs. T3 þ T3 sequences, both of which would be encoded as T2 þ T3 in the output of speech production, but only T3 þ T3 sequences involving tone sandhi. Moreover, real words and pseudowords were compared to examine whether the encoding of T3 sandhi recruits a similar computation mechanism, or relies on the lexical mechanism and computation mechanism respectively. If mediated by a common computation mechanism, tone sequences with T3 sandhi, irrespective of real words or pseudowords, may modulate the P2 (or related components), which is sensitive to phonological processing (Crowley & Colrain, 2004; Landi, Crowley, Wu, Bailey, & Mayes, 2012; Tremblay, Kraus, McGee, Ponton, & Otis, 2001 ) and visual word encoding (Dunn, Dunn, Languis, & Andrews, 1998) . If the encoding of real words is mediated by the lexical mechanism, different form pseudowords, the stored lexical representation and phonological forms may be accessed in real words but not in pseudowords, modulating the N400 (or related components), which indexes the access to lexical representation and semantic memory (Kutas & Federmeier, 2011) . Moreover, where the ERPs differ between T2 þ T3 and T3 þ T3 sequences, we compared the ERPs at LH and RH electrode sites to determine their lateralization pattern.
Methods

Participants
Seventeen participants (11 female, 6 male; mean age ¼ 23.5 years, SD ¼ 2.3, aged 19e28.3 years) were paid to participate in this experiment. All subjects were native Mandarin speakers from Northern China. They were all university students, right-handed, with normal hearing, no musical training and no reported history of neurological illness. Four additional participants (2 female, 2 male) were rejected from the analysis due to over 20% of trials with mispronunciations in the pseudoword condition. The experimental procedures were approved and informed written consent was obtained from each participant in compliance with a protocol approved by the Survey and Behavioral Research Ethics Committee of The Chinese University of Hong Kong.
Stimuli and experimental design
The real word condition included ten minimal pairs of T2 þ T3 and T3 þ T3 words (see Table 1 ) and the pseudoword condition included ten minimal pairs of T2 þ T3 and T3 þ T3 disyllabic sequences (see Table 2 ). Ten native Mandarin speakers who did not participate in this ERP experiment were asked to rate the subjective familiarity of each word on a 1e9 scale (1 ¼ very unfamiliar, 9 ¼ very familiar), and T2 þ T3 and T3 þ T3 stimuli were matched in subjective familiarity (T2 þ T3: 7.13, T3 þ T3: 5.63; t ¼ 1.882, p ¼ 0.063). Syntactic structure was also largely matched between the T2 þ T3 and T3 þ T3 real words. Moreover, all of the second T3 syllables have a sonorant or glide initial (/m/, /l/ and /j/), in order to ensure F0 starts at the syllable onset. For the pseudowords, we used non-occurring syllables, which were combinations of occurring initials and finals in Mandarin (also see . For example, initial 't' and final 'iang' occur in Mandarin individually but their combination 'tiang' does not occur. Similar to real words, all the second T3 syllables in pseudowords have a sonorant initial (/m/, /l/ and /n/) in order to ensure F0 starts at the syllable onset.
In addition to the test items, fillers were included to conceal the experimental purpose of examining T3 sandhi. Fillers were 20 disyllabic real words and 20 disyllabic pseudowords, with half of the items being a T2 syllable followed by a syllable with any tone but T3 (i.e., T2 þ T1/T2/T4), and the other half being a T3 syllable followed by a syllable with any tone but T3 (i.e., T3 þ T1/T2/T4) in real words and pseudowords respectively. The ratio of test items and fillers was 1:1.
Each syllable in the real words and pseudoword sequences was recorded in isolation from a female native speaker of Beijing Mandarin at a sampling frequency of 22,050 Hz in a quiet room. In particular, this speaker was instructed to pronounce T3 in its full form, i.e., low falling-rising tone. All the syllables were normalized to 400 ms in duration and to 70 dB in average intensity using Praat (Boersma & Weenink, 2012) . Moreover, the F0 trajectory of all of the second T3 syllables was manipulated to be identical. Specifically, we selected one T3 syllable, the F0 trajectory of which is closest to the mean of all of the second T3 syllables and replaced the F0 trajectory of other T3 syllables with that of the selected syllable. This manipulation is important for maintaining a similar recognition point of T3, in order to minimize differences between trials in the onset of phonological/phonetic encoding following the recognition of the second T3. The manipulation of F0 trajectory was done for real words and pseudowords separately. The F0 trajectory of the first T3 syllables was not manipulated.
Procedure
We used a speech production task in this study. A fixation, which indicates the beginning of a trial, appeared and stayed on the screen for 500 ms, following which, two syllables were presented consecutively to the subjects via the earphone binaurally. These two syllables were separated by a long silent interval jittered between 600 and 1000 ms, in order to minimize transient effects of the neural processing of the first syllable persisting into the processing of the second syllable. Subjects were instructed to covertly produce these two syllables as a disyllabic word as soon as they heard the second syllable, and overtly produce the disyllabic word only when a microphone sign appeared on the screen. The overt production (cued by the microphone sign) was delayed by a long interval jittered between 1000 and 1600 ms after the offset of the second syllable, in order to avoid any influence of articulation or preparation for articulation on the neural processing of the second syllable. The experimental procedure was illustrated in Fig. 1 .
The real word and pseudoword stimuli were presented in two separate blocks. In each block, 20 test trials (T2 þ T3 and T3 þ T3) and 20 filler trials (T2 þ T1/T2/T4 and T3 þ T1/T2/T4) were randomized and repeated twice (i.e., 80 trials per block). The second T3 syllable in T2 þ T3 and T3 þ T3 trials was acoustically identical in a block. Each block was repeated three times. Half of the subjects did three blocks of real words first, and the other half did three blocks of pseudowords first. Subjects were given a few minutes to rest between two blocks. In total, there were 60 trials for each of the four conditions e T2 þ T3 real words, T3 þ T3 real words, T2 þ T3 pseudowords and T3 þ T3 pseudowords. Before the experiment, the subjects had a familiarization test of the pseudowords, in which each isolated syllable were randomized and presented to the subjects auditorily with its pinyin form visually displayed on the screen to facilitate recognition. The subjects were instructed to repeat each syllable three times overtly and were allowed to listen to a syllable multiple times. Mispronunciations were pointed out by the experimenter and a correct pronunciation was demonstrated. The presentation pace was controlled by the subjects. Before the real word and pseudoword blocks, a practice block with two items from the filler real words and filler pseudowords was presented respectively to familiarize the subjects with the procedure.
EEG recording and data analysis
Electroencephalographic (EEG) data were recorded using SynAmps 2 amplifier (NeuroScan, Charlotte, NC, U.S.) with a cap carrying 64 Ag/AgCl electrodes placed on the scalp at the standard locations according to the extended international 10e20 system. Vertical electrooculography (EOG) was recorded using bipolar channel placed above and below the left eye, and horizontal EOG was recorded using bipolar channel placed lateral to the outer canthi of both eyes. The online reference electrode was located between Cz and CPz, and two more electrodes attached to each mastoid were used as offline references. Impedance between the online reference electrode and any recording electrode was kept below 5 kU. Alternating current signals (0.15e400 Hz) were continuously recorded and digitized at the sampling rate of 1000 Hz.
We time-locked the ERP analysis to the onset of the second T3 syllable, comparing the neural processing of the second T3 syllable when it was preceded by a T3 syllable (i.e., T3 þ T3, where T3 sandhi would apply) versus when it was preceded by a T2 syllable (i.e., T2 þ T3, where no T3 sandhi would apply). As soon as the second auditory syllable is recognized, these two syllables would be concatenated and encoded as a disyllabic sequence in covert speech. In other words, the onset of the encoding of T3 sandhi depends on the recognition time of the second T3 syllable. We compared the ERPs of the T3 þ T3 and T2 þ T3 stimuli to examine the encoding of T3 sandhi in real words and pseudowords.
The BESA EEG V.5.1 was used to analyze the data. Epochs ranged from À100 to 1200 ms after the onset of the second T3 syllable. The EEG recordings were re-referenced offline against average-mastoid, and re-filtered with a 0.5e30 Hz band-pass zero-phase shift digital filter (slope 12 dB/Oct). Baseline correction was performed according to prestimulus activity.
Trials with mispronunciations (mispronunciation of rhymes or tones) and long pause between two syllables were excluded form the ERP analysis. Trials where there was uncertainty in determining whether T3 sandhi has applied or not were also excluded from analysis. Two experimenters evaluated whether a T3 syllable was produced in its sandhi form or non-sandhi form, and only trials where both experimenters Fig. 1 . Illustration of the experimental procedure. 'S1' and 'S2' refer to the first and second syllable respectively. agreed on the application of T3 sandhi were included in the analysis. For quality control purpose, four subject's data were excluded altogether due to more than 20% of trials rejected in the pseudoword condition. For the remaining seventeen subjects, the average rejection rate was 2.25% (SD ¼ 2.63%) for T2 þ T3 real words, 6.96% (SD ¼ 6.54%) for T3 þ T3 real words, 0.39% (SD ¼ 0.73%) for T2 þ T3 pseudowords, and 1.96% (SD ¼ 2.52%) for T3 þ T3 pseudowords. Furthermore, epochs with potentials exceeding ±120 mV at any electrode were rejected from analysis. The mean rejection rate (including trials with mispronunciations or potentials exceeding ±120 mV) across the four conditions is 8.83% (SD ¼ 5.07%). For each subject, ERPs were then averaged across the remaining trials for each condition.
Five ERP components e the N1 (140e230 ms), the P2 (230e320 ms), the N2 (320e520 ms), the N400 (520e820 ms), and the Late Positive Component (LPC, 520e820 ms) e were determined from the global field power 3 and topographical plots (Fig. 2) . The N400 and the LPC occurred in a similar timewindow but had different topographical distributions. The N400 showed a fronto-central distribution whereas the LPC showed a left posterior distribution. Different sets of electrodes were selected for the N1, P2, N2, N400 and LPC according to the topographic distributions. For each subject, the ERPs were averaged across the selected electrodes for each ERP component respectively. The peak latency of a component was determined from the minimal (for N1, N2 and N400) or maximal point (for P2 and LPC) of the ERP waves within the defined time-windows for each condition. Mean amplitude of the N1, P2, N2, N400 and LPC was also obtained from the defined timewindows for each condition. Fig. 3 shows the ERPs of the four conditions at nine electrodes (F3, Fz, F4, C3, Cz, C4, P3, Pz and P4). To contrast the ERPs between T2 þ T3 and T3 þ T3 stimuli, Fig. 4 plots the ERPs of read words and pseudowords separately at two electrodes, F3 and F4. Two-way repeated measures ANOVAs were conducted on the peak latency and mean amplitude of each component by indicating lexicality (real words vs. pseudowords) and tone sandhi (T2 þ T3 vs. T3 þ T3) as two within-subjects factors.
Results
No effects were significant for the peak latency or mean amplitude of the N1. For P2, there was a significant main effect of tone sandhi for its amplitude (F(1, 16) ¼ 8.375, p < 0.05), with greater P2 amplitude elicited by T3 syllables preceded by a T3 syllable than those preceded by a T2 syllable (2.958 mV vs. 2.449 mV). No other effects were significant. Moreover, to examine the lateralization pattern of the P2 amplitude, mean P2 amplitude was obtained for each condition from two LH electrodes (F3 and FC3), two mid-line electrodes (Fz and FCz) and two RH electrodes (F4 and FC4). Three-way repeated measures ANOVA was conducted on the P2 amplitude by indicating lexicality (real words vs. pseudowords), tone sandhi (T2 þ T3 vs. T3 þ T3) and lateralization (LH vs. mid-line vs. RH) as within-subjects factors. There were a significant main effect of lateralization (F(2, 32) ¼ 12.140, p < 0.001), but no interaction effects of lateralization with other factors. Post-hoc tests with Bonferroni correction for multiple comparisons reveal that the P2 amplitude at mid-line electrodes was larger than that at LH electrodes (2.896 mV vs. 2.323 mV, p < 0.001) and RH electrodes (2.896 mV vs. 2.506 mV, p < 0.01). There was no significant difference between LH and RH electrodes.
For N2, there was only a significant main effect of lexicality for its peak latency (F(1, 16) ¼ 6.243, p < 0.05), with N2 peaking earlier in the real word condition than in the pseudoword condition (408 ms vs. 432 ms).
3 Global field power was calculated as the square root mean of the amplitudes of the ERP wave averaged across all conditions and all subjects at all electrodes, at each time point between À100 and 1200 ms of the onset of the second T3 syllable.
For N400, there was only a significant main effect of lexicality for its amplitude (F(1, 16) ¼ 32.940, p < 0.001), with stronger N400 amplitude elicited by pseudowords than real words (À2.173 mV vs.
À0.737 mV).
For LPC, there was only a significant main effect of lexicality for its amplitude (F(1, 16) ¼ 29.426, p < 0.001), with stronger LPC amplitude elicited by real words than by pseudowords (1.594 mV vs. 0.093 mV). Moreover, the topographical maps (Fig. 2) show that LPC elicited by real words appeared to Fig. 2 . Topographical maps for the four conditions, T2 þ T3 real words, T3 þ T3 real words, T2 þ T3 pseudowords and T3 þ T3 pseudowords, at the time-windows of the N1 (140e230 ms), P2 (230e320 ms), N2 (320e520 ms), N400 (520e820 ms), and LPC (520e820 ms). Fig. 3 . ERP waves of the four conditions, T2 þ T3 real words ('real_T2 þ T3'), T3 þ T3 real words ('real_T3 þ T3'), T2 þ T3 pseudowords ('psdo_T2 þ T3'), and T3 þ T3 pseudowords ('psdo_T3 þ T3') at nine electrode sites, F3, Fz, F4, C3, Cz, C4, P3, Pz and P4. be lateralized to LH electrodes whereas no lateralization tendency was observed for pseudowords. This observation was confirmed by an analysis of the lateralization pattern of the LPC amplitude. Mean amplitude of LPC for each condition was obtained from two LH electrodes (P3 and PO3), two mid-line electrodes (Pz and POz) and two RH electrodes (P4 and PO4). Three-way repeated measures ANOVA was then conducted on the LPC amplitude by indicating lexicality (real words vs. pseudowords), tone sandhi (T2 þ T3 vs. T3 þ T3) and lateralization (LH vs. mid-line vs. RH) as within-subjects factors. There were a significant main effect of lateralization (F(1, 16) ¼ 5.530, p < 0.05) and an interaction effect of lexicality by lateralization (F(1, 16) ¼ 3.780, p < 0.05). Post-hoc tests with Bonferroni correction suggest that for real words, the LPC amplitude at LH (1.612 mV vs. 1.277 mV, p < 0.05) and mid-line electrodes (1.595 vs. 1.277, p < 0.01) was significantly stronger than that at RH electrodes, whereas there was no significant difference between LH, mid-line and RH electrodes (0.022 mV vs. À0.244 mV vs. À0.277 mV) for pseudowords.
Discussion
Encoding of T3 sandhi in the P2 time-window: computation mechanism vs. lexical mechanism
An important and unresolved question is whether the production of linguistic patterns like Mandarin T3 sandhi is operated by a common mechanism (presumably the computation mechanism), or by the lexical and computation mechanism in real words and pseudowords respectively. To examine this question, we compared the ERPs during the covert production of T2 þ T3 and T3 þ T3 sequences of real words and pseudowords.
We found a significant effect of tone sandhi at the P2 time-window, with the second T3 syllables eliciting greater P2 amplitude in T3 þ T3 sequences than in T2 þ T3 sequences. Moreover, the encoding of T3 þ T3 stimuli may not be qualitatively different between real words and pseudowords at the P2 time-window (given the lack of interaction effect of tone sandhi by lexicality). No effect of tone sandhi was found in the N400 time-window. Taken together, our findings are most compatible with a common computation mechanism mediating the phonological encoding of T3 sandhi in both real words and pseudowords. There is no evidence to suggest that the encoding of T3 sandhi in real words is mediated by the lexical mechanism, different from pseudowords. 
Earlier ERP studies found that previously encountered auditory non-words elicited reduced N1 (i.e., less negative) and P2 (i.e., less positive) amplitude compared to novel non-words in normal children, suggesting that familiarity facilitates auditory and phonological processing of non-words (Landi et al., 2012) . Moreover, the P2 was elicited during the encoding of visual words in a memory task, where its amplitude differed between poor recallers and good recallers (Dunn et al., 1998) . Greater frontal P2 amplitude was elicited in poor recallers, which may indicate more effortful word encoding. In a similar line, the P2 was found to be modulated by task difficulty, with greater P2 amplitude elicited by harder tasks (Kim, Kim, Yoon, & Jung, 2008) . Given these findings, the greater P2 amplitude elicited in the T3 þ T3 sequences likely suggests that the encoding of sequences with T3 sandhi requires additional or more effortful phonological processing. In particular, the perceived T3 þ T3 sequence has to be encoded as T2 þ T3, whereas the encoding of T2 þ T3 stimuli would be more transparent, because the sequence would be encoded as perceived.
Our finding is consistent with previous behavioral findings that that T3 sandhi occurs in phonological/phonetic encoding before the initiation of articulation (Politzer-Ahles & Zhang, in press; Xu, 1991) , and provides further evidence for its ERP correlates (likely encoded in the P2 time-window). Xu (1991) found that subjects made significantly more errors recalling items from those lists containing T3 þ T3 sequences, presumably because T3 became T2-like in covert production when encoding those sequences phonologically/phonetically into the short-term memory. Politzer-Ahles and Zhang (in press) reached a similar conclusion using a priming paradigm. All these studies provide evidence for the encoding of T3 sandhi online, suggesting that it is not a product of lower-level articulatory interaction of neighboring tones.
As mentioned earlier, the computation mechanism is likely less domain-specific than the lexical mechanism, because it predicts the productivity of T3 sandhi in novel words that are relatively free of semantic and syntactic constraints. Our finding that the encoding of T3 sandhi in real words and pseudowords is mediated by a similar computation mechanism therefore may suggest that the nature of T3 sandhi is less domain-specific. However, the P2 amplitude seems to be the strongest along midline electrodes, showing no obvious lateralization over LH or RH electrodes. There is no clear evidence as to whether the computation mechanism is operated by neural processes in the LH or the RH. This finding is less consistent with the previous fMRI study, which found activation in the right posterior IFG mediating the production of sequences with T3 sandhi (Chang et al., 2014) . However, the underlying source activity of the P2 may be different from the scalp voltage topography (see Van Petten & Luka, 2006 for a similar claim). The differences may arise from a slight tilt of the summed electrical dipole in one hemisphere which points slightly toward the other hemisphere. To further examine the lateralization of the encoding of T3 sandhi, MEG or fMRI studies are required.
Our findings are roughly consistent with previous speech production models. According to Indefrey and Levelt (2004) , picture naming involves three successive operations: (1) the activation and selection of concept associated with a picture (175 ms), (2) lexical retrieval (75 ms), and (3) form encoding, which lasts for about 350 ms for a five-segment word till the initiation of articulation (phonological code retrieval: 80 ms; syllabification: 25 ms/segment; phonetic encoding: 145 ms). Consistent with this model, previous ERP studies show that visually presented words with non-anticipated lexical stress patterns (e.g., words with initial stress when words with final stress were anticipated) elicited more negative N2 (400e500 ms) than words with anticipated lexical stress patterns (Schiller, 2006; Schiller, Bles, & Jansma, 2003) . It suggests that lexical stress patterns could have been encoded during or before the 400e500 ms time-window, therefore allowing non-anticipated lexical stress patterns to be detected neurally. Importantly, the encoding of lexical stress patterns is similar to the encoding of tones, both involving the assigning of pitch patterns to neighboring syllables (though lexical stress patterns also involve duration and intensity differences between stressed and unstressed syllables) (Zhang, Nissen, & Francis, 2008) . If this is the case, the encoding of tone patterns might occur at a similar time-window as that of lexical stress patterns. However, our finding of T3 sandhi effect at the P2 time-window (230e320 ms) seems to be earlier than the N2 time-window (400e500 ms). This discrepancy may be because the syllables were presented auditorily in this study, which may allow access of phonological code directly from the auditory signals, without necessarily retrieving the lexical representation of a word. Moreover, in the case of pseudowords, no lexical representation could be accessed. Therefore, it could have minimized the time required for concept selection and lexical retrieval, allowing the form encoding to start earlier. If this is the case, the encoding of tone patterns might indeed occur at a roughly similar time-window as that of lexical stress patterns. This possibility needs to be examined in future studies with a design similar to Schiller (2006) . Finally, our finding supports a common computation mechanism mediating the operation of tone sandhi in Mandarin Chinese, but tone sandhi in other Chinese dialects may be mediated by a different mechanism. For example, it has been found that tone sandhi patterns in Taiwanese are much less productive in novel words (Hsieh, 1970 (Hsieh, , 1976 Zhang, Lai, et al., 2011) . It suggests that Taiwanese tone sandhi is mostly mediated by a lexical mechanism, which retrieves the stored sandhi forms of real words from memory. Novel words, which have no stored sandhi forms, therefore do not undergo tone sandhi as much. Future studies are needed to examine the neural correlates of the computation and lexical mechanism in different Chinese dialects.
Alternative explanations for the P2 effect
Some alternative interpretations are available, which may attribute the P2 effect to the perceptual processing differences of T3 þ T3 vs. T2 þ T3 sequences, rather than the more effortful phonological encoding. One such explanation is that the first T3 syllable might have a priming effect on the perceptual processing of the second T3 syllable, which shares the same tone. Therefore it eases the phonological processing of the second T3 syllable in T3 þ T3 stimuli compared to T2 þ T3 stimuli. However, priming and repetition effects are often associated with reduced amplitude of ERP components (Besson, Kutas, & van Petten, 1992; Guillaume et al., 2009; Penney, Mecklinger, & Nessler, 2001; Rodriguez-Fornells, Münte, & Clahsen, 2002) , which is less consistent with our finding of greater P2 amplitude elicited by the T3 þ T3 sequences. Another explanation is that the subjects might perceive the two auditorily presented T3 syllables as one disyllabic word. In connected speech, a T3 syllable in its non-sandhi form is rarely followed by another T3 syllable, due to the application of T3 sandhi. The low probability of a non-sandhi T3 syllable followed by another T3 syllable therefore might increase the effort of phonological processing of the second T3 syllable. This explanation might account for the greater P2 amplitude elicited by the T3 þ T3 stimuli. However, the two auditorily presented syllables were separated by a long silent interval of 600e1000 ms in this study, which makes it less likely for the subjects to perceive these two separated syllables as one disyllabic word. This interpretation does not fit our study very well either.
Moreover, previous tone perception studies also support that the encoding of T3 sandhi may start in the P2 time-window. As mentioned earlier, the onset of encoding T3 sandhi depends on the recognition time of the second T3 syllable. Previous eye-tracking and tone perception studies suggest that a T3 syllable is likely to be recognized with very brief auditory input at the beginning of a syllable (Gottfried & Suiter, 1997; Lee, 2009; Lee, Tao, & Bond, 2008; Shen, Deutsch, & Rayner, 2013) . Shen et al. (2013) found that the T3 began to be recognized unambiguously at about 250 ms after the onset of an auditory T3 syllable, as indicated by the divergence of fixation at the picture associated with the target T3 syllable and at pictures associated with other tones from 250 ms onwards. Moreover, Gottfried and Suiter (1997) found that isolated Mandarin tone stimuli excised from the first six glottal pulses of a syllable (e.g., about 60 ms for F0 of 100 Hz) could be identified quite accurately (T3: 65%), a finding which was replicated by Lee et al. (2008) with a different set of Mandarin syllables (T3: 87%). The above studies suggest that although speech recognition is an incremental process, the cues necessary to recognize T3 might become available at a rather early time, possibly during the N1 and P2 timewindows.
In summary, we conclude that the greater P2 amplitude elicited by T3 þ T3 sequences than T2 þ T3 sequences is best explained by the more effortful phonological encoding of T3 sandhi, rather than by perceptual processing differences.
N2, N400 and LPC effects: real words vs. pseudowords
The effect of lexicality we found in the N2, N400 and LPC time-windows also requires an explanation. Specifically, real words elicited an earlier-peaking N2, smaller N400 amplitude and greater LPC amplitude than pseudowords. Moreover, the LPC amplitude of real words was stronger at LH and midline electrodes than RH electrodes.
The N2 is usually elicited in the go/no-go tasks and is thought to index response inhibition or conflict monitoring (Donkers & van Boxtel, 2004; Folstein & van Petten, 2008; Heil, Osman, Wiegelmann, Rolke, & Hennighausen, 2000) . The N2 differs between trials that require a response (go-trials) and trials that do not require a response (no-go trials), suggesting that the relevant information necessary to withhold a behavioral response must have been available during the N2 timewindow. Although we did not use a go/no-go task in this study, we found that the N2 peaked earlier for real words than pseudowords. It might suggest that the information needed to initiate spoken word encoding becomes available earlier in real words than in pseudowords.
The N400 has been hypothesized to index the binding of information obtained from stimulus input with representations from long-term (i.e., activation of mental lexicon) and short-term memory (i.e., violation of semantic expectancy from a recent context) (Hagoort, Baggio, & Willems, 2009; Kutas & Federmeier, 2011) . Given this account, our results may suggest that it is easier to access the semantic memory of T3 syllables in real words than in pseudowords, which were non-occurring syllables with no lexical representation in Mandarin Chinese.
The LPC has been found to index domain-general decisional process with regard to stimulus categorization (e.g. Bornkessel-Schlesewsky et al., 2011) . For example, previous studies found that the LPC amplitude is sensitive to decision accuracy, with larger LPC amplitude elicited in response to trials that were accurately categorized (Finnigan, Humphreys, Dennis, & Geffen, 2002; Zhang, Peng, & Wang, 2013) . Our results may be interpreted as indicating that real words were easier to categorize than pseudowords, and that the categorization of real words was mostly mediated by language knowledge in the LH.
Conclusion
In this ERP study, we examined the time-course of covert production of T2 þ T3 and T3 þ T3 sequences of real words and pseudowords. We found that the second T3 syllables elicited greater P2 amplitude in T3 þ T3 sequences than in T2 þ T3 sequences, indicating that the phonological encoding of T3 sandhi may be more effortful. Moreover, the phonological processing may not differ qualitatively between real words and pseudowords in the P2 time-window. Our findings suggest that the phonological encoding of T3 sandhi in both real words and pseudowords may be mediated by a common computation mechanism. It also provides evidence for the online encoding of T3 sandhi before the initiation of articulation (see Politzer-Ahles & Zhang, in press; Xu, 1991 for similar findings), suggesting that T3 sandhi is not a product of lower-level articulatory interaction of neighboring tones. Our findings shed some light on the online encoding of linguistic patterns.
